Abstract-During cardiac arrest emergencies, lay rescuers are required to manually check the patient's carotid pulse after the delivery of defibrillation shocks to assess the cardiac resuscitation progress of the patient. As a more automated way of monitoring the resuscitation progress, a new Doppler-ultrasound-based carotid pulse assessment approach is presented in this paper. The method works by analyzing the temporal aperiodicity of Doppler shifts seen in the ultrasound echoes returned from the patient's carotid arteries. As a quantitative investigation with this method, we derived a new measure called the pulselessness indicator to assess whether a carotid pulse is absent based on the given Doppler information. To study the performance of the new carotid pulse checking method, we built a multi-channel CW Doppler prototype device to acquire Doppler data in vivo during cardiac arrest experiments conducted on five different swines and computed pulselessness indicator estimates with these data. Our results indicated that the Doppler-based pulse checking approach has good sensitivity and specificity: it had a pulselessness detection rate greater than 0.9 for a given false alarm rate of 0.05. As a further analysis, the prototype device was applied to other experiments where the swine had suffered cardiac arrest for over five minutes. It showed a consistent assessment performance on the monitoring of the swine's resuscitation progress after defibrillation and chest compressions.
I. INTRODUCTION

S
UDDEN cardiac arrest is a health disorder related to the abrupt dysfunctioning of the heart. This health problem is well-recognized as one of the leading causes of death in the United States and other developed countries [1] . In terms of the problem triggers, it is traditionally considered that many of the cardiac arrests are attributed to ventricular fibrillation, but clinical statistics have recently revealed that an increasing number of occurrences are linked to the development of pulseless electrical activity (PEA) [2] , [3] . While ventricular fibrillation and ventricular tachycardia are treatable through defibrillation therapy, such a treatment is not suitable for cardiac arrest patients who have developed PEA due to the dissociation between the electrical and mechanical activities of the heart. In these PEA cases, lay rescuers can only treat the patient by administering cardiopulmonary resuscitation (CPR) in order to "buy time" while waiting for the ACLS (clinical acronym for "Advanced Cardiac Life Support") team to intervene. To assess whether blood circulation has been resumed in the patient after a cardiac arrest, lay rescuers are required to manually check the patient's carotid pulse following a CPR procedure or a series of defibrillation shocks [4] . From the diagnostic outcome of the carotid pulse check, they can then decide if further CPR is needed. However, many studies have suggested that the manual pulse check is an unreliable diagnostic test because lay rescuers usually fail to identify pulselessness (or the lack of circulatory pulse) within the recommended diagnostic time of 10 s. For instance, Eberle et al. [5] have pointed out that only 2% of the lay rescuers in their study were able to identify pulselessness correctly within 10 s. Moule [6] has also shown similar results where only 9 of the 49 lay rescuers accurately detected pulselessness within the 10 s time interval. More recently, Lapostolle et al. [7] have indicated that even for paramedics, the likelihood of correct pulselessness detection using the manual pulse check was merely 58%. Since the failure to identify pulselessness would significantly reduce the patient's chances of survival (due to the lack of further CPR), it is important to devise a reliable resuscitation monitoring approach that gives more consistent performance than the manual pulse check.
Some studies have considered the development of automated methods for resuscitation monitoring on a cardiac arrest patient [8] . Perhaps the most common of these methods is to perform waveform analysis on the electrocardiogram (ECG) data that is available from the automated external defibrillator. As pointed out by Hallaway and Menegazzi [9] , many investigations have studied the changes in the ECG waveform structure before and after defibrillation shocks as well as CPR procedures in order to predict the success of the treatment. However, as suggested by Niemann et al. [10] , ECG data analysis may not be a completely reliable resuscitation monitoring approach by itself because it is inherently not capable of recognizing PEA development in the patient. Another way to monitor resuscitation is to use capnography to measure the patient's end-tidal carbon dioxide (ET-) level. This method, as reviewed by Morimoto et al. [11] , is generally a good indicator for the patient's return of spontaneous circulation, but it is not always effective in detecting the absence of circulation (i.e., it cannot reliably detect pulselessness) because the ETlevel may significantly differ between cardiac arrest patients. A third possible monitoring approach, which is recently proposed by Pellis et al. [12] , is to measure the transthoracic electrical impedance that varies during cardiac contraction and breathing. Nevertheless, 0018-9294/$25.00 © 2008 IEEE this method can only provide an indirect indication for the return of circulation, and it has so far been studied merely in the context of cardiac arrest detection.
In this paper, we present the development of a new Doppler-based carotid pulse assessment approach as an alternative way to automatically and non-invasively monitor resuscitation progress. Our method, which is based on an initial framework that we recently reported [13] , works by analyzing the time-varying Doppler spectral contents seen in the ultrasound echoes returned from the carotid arteries. As a quantitative investigation with our method, we derived a new normalized measure called the pulselessness indicator to study the level of pulselessness from the Doppler information. This new measure is based on the degree of aperiodicity seen in the Doppler spectral contents.
The rest of this paper is organized as follows. First, we provide an overview of the Doppler experimental setup that we developed for carotid pulse assessment. After that, we present the derivation of the new pulselessness indicator and discuss how this measure can be used to study the level of pulselessness in a patient's carotid arteries. Subsequently, we describe some cardiac arrest experiments that were performed in an in vivo setting and present the pulselessness detection results that we obtained with our Doppler-based pulse checking approach.
II. CAROTID PULSE ASSESSMENT USING DOPPLER ULTRASOUND
A. Fundamental Principles
It is well established that Doppler ultrasound can be used to measure flow velocities in the vasculature. This flow measurement approach works by measuring the Doppler frequency shifts between the transmitted ultrasound waves and the echoes returned from moving scatterers. From the Doppler equation [14, Ch. 3] , it is known that the frequency shift magnitudes are dependent on the scatterer velocity distribution and the cosine of the beam-flow angle. Based on this relationship and the fact that a periodic velocity distribution is only seen during regular cardiac activity, we can detect pulselessness by studying the level of temporal aperiodicity observed in the Doppler frequency contents (as long as the beam is not perpendicular to the flow direction). This principle essentially forms the working basis of our Doppler-based carotid pulse assessment approach.
B. Design Considerations
The main objective of our pulse checking approach is to reliably detect for pulselessness in a patient's carotid arteries. Since the approach is intended to operate at a high level of automation, it must be able to receive Doppler echoes from the carotid arteries (which run relatively parallel to the patient's neck surface) without precise knowledge of the vessel depth. In view of this range uncertainty in the origin of the Doppler echoes, it is suitable to use the continuous-wave (CW) Doppler excitation mode for carotid pulse assessment since this excitation mode has good flexibility in detecting blood flow over a wide depth range. Note that it is also possible to use the pulsed Doppler excitation mode along with long range gates for the assessment. However, this mode was not pursued in our pilot study because the CW Doppler mode is simpler to implement on hardware and is inherently not abided to maximum depth constraints that arise from the use of range gates.
C. Overview of Experimental System
Based on the Doppler ultrasound principles and the design considerations discussed earlier, we developed a CW Doppler experimental setup for carotid pulse assessment. This system is schematically shown in Fig. 1 , and it is a modification from the prototype that we previously developed [13] . The major modification seen in the new setup is the use of multi-channel data acquisition as a way to improve the system's flow detection capabilities. In particular, instead of using a single transducer pair at the front end (i.e., a single channel system), the new setup uses an array of three custom-made PZT transducer pairs (5 MHz center frequency, bandwidth of 2 MHz) for CW Doppler data acquisition. The transmit and receive elements of each transducer pair in the array are respectively angled at 15 and 30 with reference to the skin surface so that the beams are not perpendicular to the flow direction in the carotid arteries. During operation, the transducer array can be attached to the patient's neck surface, and it is expected that at least one of these transducer pairs can receive Doppler echoes from the carotid arteries. Note that only three transducer pairs were deployed in our setup to ensure that the transducer array can fit onto the swine necks when conducting our pilot experiments (to be described in later sections), but in general more transducer pairs may be used to increase the chance of locating the patient's carotid arteries.
In terms of the signal acquisition electronics used in the setup, the transmit elements are excited by a CW waveform generator (Agilent Technologies, Palo Alto, CA, USA; Model 33250A) that is set to a 5 MHz operating frequency, while the echoes picked up at the receive elements are amplified with a cascaded pre-amplifier setup (Minicircuits, Brooklyn, NY, USA; Models ZFL-500LN and ZFL-500) that has an overall gain of 48 dB. Subsequently, to perform demodulation, the pre-amplified ultrasound echoes are passed into a mixer (Minicircuits; Model ZP-3MH) that receives the carrier signal from the same CW waveform generator used for the transmit elements. It should be noted that quadrature (or complex) demodulation, which can provide directional flow information, is not implemented in this test setup since the flow direction is not essential in detecting the absence or presence of a carotid pulse (in fact, carotid flow is relatively unidirectional). After the ultrasound echoes are mixed with the carrier signal, they are sent into an analog lowpass filter (Minicircuits; Model BLP-1.9) with a 1.9 MHz cutoff frequency to obtain the Doppler signal. Since clutter may be present, the Doppler signal is subsequently forwarded into an analog bandpass filter (Krohn-Hite Corporation, Brockton, MA, USA; Model 3384) that has a passband between 100 Hz and 2.5 kHz. Note that the bandpass filter is used for wall filtering in place of a highpass filter because the Doppler signal quality can be further improved by removing the white noise in the higher Doppler frequency bands (i.e., the bands beyond the range of induced Doppler shifts). In the last hardware stage, the filtered Doppler signal of each transducer channel is digitized at a 20 kHz sampling rate using a data acquisition card (National Instruments, Austin, TX, USA; Model NI6036E) and recorded for aperiodicity analysis. The filtered signal is also fed into a multi-channel audio speaker for real-time qualitative assessment of the Doppler signal quality.
III. PULSELESSNESS DETECTION WITH APERIODICITY ANALYSIS
A. Spectral Pattern Extraction
In order to study the level of aperiodicity seen in the Doppler frequency contents, a spectral pattern first needs to be derived from the Doppler signal of each transducer channel. As pointed out by Evans and McDicken [14, Ch. 8] , the spectral pattern can typically be obtained by finding time-variant quantities such as the mean and maximum Doppler frequencies. Alternatively, for our carotid pulse assessment approach, we chose to make use of the short-time Doppler power (i.e., the mean-squared Doppler signal value over a sliding time window) as the spectral pattern because this measure does not require direct computation of the Doppler spectrogram and is independent of the frequency biasing effects of noise and wall filter. Also, as a more diversified way of analyzing the Doppler signal, we computed multiple spectral patterns for each transducer channel by finding the short-time Doppler power in different Doppler frequency bands through a filter bank implementation.
B. Analysis Considerations
In Doppler flow studies, the periodic variation of Doppler frequency contents is well recognized as an evident sign of flow pulsation. Based on this principle, a number of quantitative indices have been derived to evaluate the degree of flow pulsatility from a given spectral pattern (which is often the mean or maximum Doppler frequency over time). For instance, the pulsatility index and the resistance index are two commonly used measures for studying flow pulsatility [14, Ch. 9] . These indices are normalized ratios computed directly from the peaks and troughs of the spectral pattern, and thus their stability inherently depends on whether consistent estimates of the Doppler spectral pattern are available. Also, since these indices are intended for analyzing flow pulsatility, they do not provide direct assessment on the level of pulselessness (i.e., these indices simply consider pulselessness as the reciprocal of pulsatility). In view of such limitations, we considered the development of alternative waveform analysis approaches.
From a signal processing perspective, waveform analysis can be analyzed using both parametric and non-parametric approaches. As pointed out by Stoica and Moses [15, pp. 85] , it is generally accepted that parametric methods, such as autoregressive modeling, can more accurately estimate the periodicity in a waveform because of their rigorous signal model assumptions. However, these methods may run into estimation stability problems when they are applied to aperiodic signals because of potential incompatibility of model assumptions. In contrast, non-parametric analysis approaches, such as correlation and Fourier analysis, make few assumptions with regards to the characteristics of the signal, and hence they appear to be more suitable for aperiodicity analysis. Based on this rationale, we recently reported the development of a new pulsation index using Fourier analysis [13] . Nevertheless, we found that this index is not very sensitive at low Doppler signal levels, and it is also not a direct measure of pulselessness. As such, in this paper, we derived a new quantitative index for aperiodicity and applied it to our Doppler-based carotid pulse assessment approach.
C. The Pulselessness Indicator
Our new index, which we refer to as the pulselessness indicator, is primarily based on the analysis of aperiodicity seen in different segments of each Doppler spectral pattern (i.e., frequency-banded Doppler power). The analysis makes use of a time-domain signal processing method called the average magnitude difference function (AMDF) that was originally used in speech recognition [16] and is still currently being used by speech researchers [17] . For a segment length of samples, the normalized AMDF for a pattern segment is mathematically defined as: (1) where is a time lag and is the maximum AMDF value seen in all lags. As seen in (1), the AMDF describes the difference between a waveform segment and its shifted forms for all possible lags (from 0 to ), and it can be perceived as a variation of the autocorrelation function that is well-known in signal analysis. The main reason that we chose to compute the AMDF as opposed to the autocorrelation is because the AMDF is a direct measure of waveform dissimilarity [18, pp. 60-63] , and thus it is more suitable for studying the level of aperiodicity in a signal. Besides this reason, the AMDF also has the computational advantage of not involving multiplications and complex arithmetic during processing. In terms of its properties, the AMDF has high values at time lags where the time-shifted segment and the original are dissimilar, and it has low values at time lags where the time-shifted segment is similar to the original. Hence, as illustrated in Fig. 2(a) for a periodic pattern segment, h and d respectively denote the trough magnitude and the inter-trough distance. Also, T denotes the pattern period.
the AMDF has troughs that are equally spaced by the spectral pattern period, and the magnitudes of these troughs are small. On the other hand, for an aperiodic pattern segment, few aperiodically spaced troughs are seen in the AMDF, and their magnitudes remain high (as seen in Fig. 2(b) .
From the properties of the AMDF, we defined the pulselessness indicator for each pattern segment as a weighted combination between the trough magnitudes and the inter-trough distances seen in an AMDF. Mathematically, it is defined as the following two-term product: (2) where and are the respective indicator weights of the trough magnitudes and the inter-trough distances. For the weight, it is defined as the mean magnitude of all troughs in the normalized AMDF; as for the weight, it is set equal to the fraction of AMDF troughs that are not periodically spaced with their adjacent troughs. Given that the AMDF has troughs, these weight definitions can be mathematically expressed as follows:
where and are the trough magnitudes and inter-trough distances as shown in Fig. 2 , and the notation refers to the number of elements in the set. From (3a) and (3b), it can be seen that if a pattern segment is aperiodic, then the pulselessness indicator approaches unity because and both have values close to unity for this case. Conversely, if the pattern segment is periodic, then the pulselessness indicator approaches zero. It is worth noting that the above definition for pulselessness indicator might give rise to false-positive estimates in cases where the carotid pulse is only quasi-periodic. Nevertheless, by using this strict definition, the risk of having false-negative pulselessness diagnoses would be lower (which is an important attribute in medical emergencies since rescuing life is of prime concern). Since multiple transducer channels are used and a number of Doppler spectral patterns are extracted from each channel, many pulselessness indicator values can be obtained for each analysis time segment. Thus, a selection rule is needed to identify the indicator value that most accurately reflects the carotid pulse state. It is preferable to choose the minimum of all indicator values because this selection rule can ensure that pulselessness is detected in all the channels, thereby reducing the number of false-positive pulselessness diagnoses. Based on this principle, we defined the overall pulselessness indicator as the smallest indicator value amongst the Doppler spectral patterns from all transducer channels, and this quantity is simply referred to as the pulselessness indicator from hereon to maintain simplicity of discussion.
IV. IN VIVO PERFORMANCE ASSESSMENT METHOD
A. Experimental Protocol
To assess the performance of the Doppler-based carotid pulse assessment approach, we conducted a series of cardiac arrest experiments in vivo with five domestic swines that weighed about 30 kg each. In each experiment, the swine was first anestheized and intubated according to the approved animal study guidelines. Subsequently, cardiac arrest was externally induced on the swine by applying a low-voltage electrical shock at the surface of the swine heart to trigger ventricular fibrillation. After at least 15 s (and at most 2 min) from the onset of cardiac arrest, a defibrillating shock at a strength of 120 J was applied to the swine heart, and subsequent shocks at strengths of 150 J and 200 J were applied as necessary if blood circulation was not resumed in the swine. Throughout this entire procedure, the Doppler signal was acquired at the swine's carotid arteries using our multi-channel CW Doppler setup, and the ECG was simultaneously recorded. As the ground truth of the carotid pulse state during the procedure, the aortic pressure was also measured invasively by inserting an intravascular catheter into the swine's aorta. The same experimental procedure was then repeated several times on each swine, but a 3 min time interval was placed in between each procedure to allow for re-stabilization of the swine's cardiac activity. This in vivo study protocol was conducted under the approval of the animal ethics committee at the University of Colorado.
As a comparative assessment of the multi-channel Dopplerbased pulse checking approach, we obtained Doppler data in vivo from another set of cardiac arrest experiments conducted on five other swines. These series of Doppler data were acquired using the single-channel prototype that we previously reported [13] . The procedure for these experiments, which were performed with approval from the animal ethics committee at the University of Iowa, was similar to the one used in the multichannel carotid pulse assessment studies. However, instead of measuring the aortic pressure, this second series of experiments measured the carotid arterial pressure as the ground truth of the pulse state. Also, in the single-channel experiments, a sternotomy operation was performed on the swine to expose its heart and a defibrillating shock was directly applied to the heart using hand-held surgical electrode paddles.
B. Data Analysis Procedure
From the acquired Doppler data, the pulselessness indicator of different analysis time segments was computed using Matlab (Mathworks Inc., Natick, MA, USA; Version 7.0). As illustrated in Fig. 3 , the computation process first involves the use of a digital filter bank to extract the spectral pattern (i.e., the shorttime Doppler power) in different Doppler frequency bands of each transducer channel. In our analysis, each filter in the filter bank was implemented as a finite impulse response band-pass filter (128th-order, Hamming window design method), and the short-time Doppler power over every 20 ms was found in five nominal Doppler frequency bands: 400-600 Hz, 800-1000 Hz, 1200-1400 Hz, 1600-1800 Hz, 2000-2200 Hz. Note that these frequency bands were chosen for the analysis since the Doppler signal acquired by the experimental setup has a passband between 100-2500 Hz. After the Doppler spectral patterns were calculated, they were passed through a 5-point moving average filter to remove random noises in the spectral patterns. Subsequently, AMDF trough analysis was performed on the filtered Doppler spectral patterns over a 5 s diagnostic time window in order to compute the pulselessness indicator value, and this analysis was repeated at 1 s time window increments. During the AMDF analysis, the trough locations were determined by a first derivative test that defines a trough as an AMDF data point where its seven preceding and succeeding AMDF samples have decreasing and increasing slopes respectively. Also, in computing the aperiodicity between inter-trough distances, the troughs with normalized magnitudes greater than 0.5 were not included in order to avoid the spurious noise troughs. Fig. 4 shows the pulselessness indicator trace computed from the multi-channel Doppler data of an experiment where the swine suffered a 15 s cardiac arrest. For comparison purposes, this figure also shows the ECG trace, the aortic pressure, and the Doppler spectrograms of all transducer channels. It can be seen from these plots that the pulselessness indicator values (which were computed over a 5 s sliding time window) are high during the cardiac arrest and are low before the cardiac arrest as well as after the defibrillation shock. This result is consistent with the aortic pressure trace that shows a significant drop during the cardiac arrest. Another observation to be noted from Fig. 4 is that the pulselessness indicator's specificity (i.e., ability to distinguish normal states from cardiac arrest states) was not affected even when transducer did not consistently receive flow echoes from the swine's carotid arteries. This finding is a result of the fact that we defined the pulselessness indicator as the minimum indicator value seen in all the transducer channels.
V. PERFORMANCE ASSESSMENT RESULTS
A. Pulse State Traces
As a comparison to the multi-channel results, Fig. 5 shows the pulselessness indicator trace calculated from a set of singlechannel Doppler data where the transducer pair was not well placed near the carotid arteries during the cardiac arrest experiment. In this case, the pulselessness indicator still shows high values during the cardiac arrest (also between 15-30 s), but it is not always low during normal states. This finding suggests that the pulselessness indicator's performance is more prone to the transducer off-positioning problems when only a single transducer pair is used. Consequently, the indicator may have a higher false alarm rate when it is applied to single-channel Doppler data.
B. Receiver Operating Characteristics
To study the sensitivity and specificity of the pulselessness indicator, we classified the indicator estimates obtained from all the experiments into two categories: one corresponding to cardiac arrest state and the other to normal state. The classification decision was based on the ground truth that we obtained from the aortic pressure (for the multi-channel data) and the arterial pressure (for the single channel data). In particular, the indicator estimates were classified into the cardiac arrest category if the aortic/arterial pressure over the 5 s diagnostic time was low and non-pulsatile, and they were classified into the normal category if pulsatile trends are seen in the pressure. Note that, for the experiments with the multi-channel setup, a total of 2807 indicator estimates were classified into the normal category, while 1030 estimates were classified into the cardiac arrest category; as for the experiments with the single-channel setup, 5667 indicator estimates were classified as normal and 1619 estimates were classified as cardiac arrest. From the classified estimates, histograms were constructed to analyze the distribution of indicator values corresponding to normal and cardiac arrest states. These histograms were subsequently used to evaluate the indicator's receiver operating characteristics (i.e., pulselessness detection probability as a function of false alarm rate). Fig. 6 (a) and (b) respectively show the histograms compiled from all the pulselessness indicator estimates obtained with the multi-channel and single-channel experimental setups, and their corresponding distribution statistics are summarized in Table I . As shown in these figures, the pulselessness indicator values for the multi-channel setup has a minor degree of overlap between cardiac arrest and normal states, while for the single-channel setup, the overlap between the indicator values of the two categories is larger. To further support and quantify this finding, the receiver operating characteristic curves of the multi-channel and single-channel setups are plotted in Fig. 7 . From these curves, it can be seen that the multi-channel setup has a slightly better sensitivity and specificity than the single-channel setup. For instance, at a given false alarm rate of 0.05 (or 95% specificity), Fig. 4 . Pulselessness indicator values computed from a set of multi-channel Doppler data acquired during a swine cardiac arrest experiment. As a reference, the ECG, aortic pressure, and Doppler spectrograms of each transducer channel are also provided. In this experiment, the swine was in a cardiac arrest between 15-30 s. Note that the jamming noise seen in the Doppler spectrograms at about 25 s (just prior to the shock) is due to the pre-charging of the defibrillator. the multi-channel setup has a detection probability of around 0.98 (or 98% sensitivity), while the single-channel setup has a detection probability of about 0.92 (or 92% sensitivity). Nevertheless, regardless of whether the pulselessness indicator is derived from the single-channel or multi-channel setup, this new measure has demonstrated better sensitivity than the manual pulse check which only achieved sensitivities of 18% and 58% respectively by lay rescuers [6] and paramedics [7] .
VI. OTHER CASE STUDY RESULTS
A. Monitoring in Presence of Pulseless Electrical Activity
As a further analysis, we performed additional swine cardiac arrest experiments in vivo that corresponded to clinically relevant scenarios and applied the Doppler-based carotid pulse checking approach to monitor the resuscitation progress. The experimental procedure used for these additional case studies was similar to the one described in Section IV. The only procedural difference between these additional experiments and the ones described earlier is that the defibrillation shocks were not applied to the swine until at least 5 min after the cardiac arrest onset in order to more realistically simulate the emergency response time of lay rescuers.
We first considered a case where PEA was seen after defibrillation. In this study, fibrillation was induced on the swine after 60 s from the start of experiment, and a 120 J defibrillation shock was delivered at 490 s. Fig. 8 shows the corresponding ECG, aortic pressure, Doppler spectrograms, and pulselessness indicator traces of this study for the period between 480-540 s. As can be seen, the defibrillation shock successfully restored regular electrical activity in the swine, but the pulselessness indicator remained at a high value after the shock. These observations suggest that the swine was experiencing post-defibrillation pulseless electrical activity and needed further CPR. Note that this diagnostic decision is consistent with the unchanged aortic pressure (i.e., our ground truth) seen during this period.
B. Monitoring for Recovery After CPR
In another case, we examined the resuscitation progress during and after a CPR procedure. The swine involved in this study was fibrillated after 40 s from the start time, and at 340 s, it was defibrillated with a 120 J electrical shock. After the shock delivery, PEA was observed in the swine, and thus CPR was performed on the swine starting at 420 s. The CPR procedure was initially done for 30 s, but after seeing no signs of recovery in the aortic pressure, the procedure was repeated for three times during the following time intervals: 460-510 s, 550-610 s, and 670-700 s. After the last set of chest compressions, the swine's carotid pulse gradually returned. The corresponding physiological traces during and after the last CPR procedure are respectively shown in Fig. 9 (between 650-710 s) and Fig. 10 (between 710-770 s) . As indicated by the pulselessness indicator trace in Fig. 10 , the gradual return of the swine's carotid pulse after 715 s was detected by our method. This observation shows that it is possible to use our method to monitor the resuscitation progress after CPR procedures. On another note, the pulsatile flow seen during a CPR procedure is not consistently detected by our method as seen in Fig. 9 . This result is likely attributed to the fact that the spectral Doppler echoes received by the transducers were only quasi-periodic in time (as shown in the Doppler spectrograms), and hence the pulselessness indicator did not show particularly low values during the CPR between 670-700 s. To account for these quasi-periodic artifacts, it is necessary to use a more generalized definition of pulselessness for our data analysis (though such a solution is not considered in this pilot study).
VII. CONCLUSION
This pilot study has been set out to evaluate the use of Doppler ultrasound for carotid pulse assessment and examine the performance of a new pulselessness indicator that we developed. In our study, the Doppler-based carotid pulse checking approach, together with the pulselessness indicator, has demonstrated consistent performance for pulse state assessment. In particular, the in vivo results presented in this paper have indicated that our approach has both high sensitivity and specificity for short diagnostic time windows of 5 s. Such a finding suggests that the Doppler-based pulse checking method can potentially be used in place of the manual pulse check to monitor the resuscitation progress and in turn improve the survival chances of cardiac arrest patients.
One potential limitation of our study relates to the fact that we defined the pulselessness indicator as the level of aperiodicity observed in the spectral Doppler contents. Such a definition allows the indicator to have high sensitivity for pulselessness, but it might affect the indicator's specificity under circumstances where the carotid pulse is only quasi-periodic in nature. For instance, as illustrated in Fig. 9 , the pulselessness indicator values are not particularly low for the quasi-periodic pulse state seen during CPR. If this quasi-periodic pulse is to be considered as a sign of regular cardiac activity, then our aperiodicity definition for the pulselessness indicator may need to be modified.
Parts of our next steps in the development process will be to design an advanced version of our transducer array to support hands-free operation after its initial attachment to the patient's neck surface. In particular, it is envisioned that the transducer pairs can be designed as a flat sensor pad that can be placed on the skin surface like a bandage. Such a transducer design should improve our system's portability and ease-of-use in an emergency setting.
